The ultrastructure of 18 metaphase-II oocytes after intracytoplasmic sperm injection (ICSI) was analysed from 30 min to 8 h following the microinjection. Three control metaphase-II oocytes were not injected. The 21 oocytes were embedded individually and examined in serial pole-to-pole sections. Seventeen oocytes had been matured in vitro from the germinal vesicle stage and showed ultrastructural alterations due to long-term culture. In microinjected oocytes, membrane-bound vacuoles and oolemma inclusions were found at the injection site. The ICSI oocytes showed evidence of plasma-membrane damage and increased oocyte exchange processes with residual and multivesiculated bodies. Gamete membrane fusion was not observed. Acrosome reaction was observed within the ooplasm 15 min after ICSI. Sperm elements were not incorporated into any oocyte vacuole. Onset of oocyte activation was associated with sperm chromatin decondensation. Cortical granules were released at 60 min and two pronuclei were formed at 6 h after ICSI. The male and female pronucleus formation was asynchronous. The findings suggest specific ICSI-related morphological features of early fertilization.
Introduction
Since the introduction of intracytoplasmic sperm injection (ICSI) many questions have been raised concerning the possible modification of the oocytesperm interactions and early embryo development resulting from this procedure. Sousa and Tesarik (1994) reported detailed morphological findings in ICSI oocytes with failed fertilization, but few data are available on the morphology of the early successful fertilization stages after ICSI. Differences in sperm incorporation have been suggested following comparison with data from regular invitro fertilization (IVF) (Lopata et al., 1980) or from sperm injection into the perivitelline space (Sathananthan et al., 1994) . The importance and location of the acrosome reaction have been debated (Sathananthan et al., 1994; LachamKaplan and Trounson, 1995) . Damage to the oocyte during ICSI has been observed (Sathananthan et al., 1994) but not related to further oocyte development. Also very few data have been reported on the timing of the different stages of fertilization. ICSI in Rhesus monkey oocytes apparently resulted in unusual chromatin, cytoskeletal and membrane events (Sutovky et al., 1996) . Data from regular IVF (Tesarik and Kopecny, 1989; Lassalle and Testart, 1991) are difficult to evaluate as the exact timing of gamete fusion is not known.
Previous work in our centre concerned light microscopical evaluation of oocytes after ICSI (Nagy et al., 1994) . However, it has been demonstrated that light microscopy may not always be sufficient to differentiate a fragmented polar body (PB) and the second PB with certainty (Sundstrom et al., 1985) , so that the exact stage of the fertilization process may not be accurately evaluated. Ultrastructural analysis seems mandatory to assess subtle cell changes that may not be clearly discernible by light microscopy. The aim of the present work was to describe the ultrastructure of human oocyte/sperm interactions and timing of the fertilization stages after ICSI and to compare these with the data reported in regular IVF and natural cycles. For this purpose we examined oocytes at different times after the microinjection procedure by electron microscopy in serial pole-to-pole sections.
Materials and methods
Source and preparation of gametes and ICSI procedure In total, 21 oocytes were analysed by electron microscopy. The oocytes were obtained from two sources: seventeen were metaphase-II (Mil) oocytes obtained after in-vitro maturation of donated immature germinal vesicle (GV) stage oocytes (in-vitro matured Mil), four oocytes were freshly collected supernumerary Mil oocytes that were donated for research (freshly obtained Mil).
Oocytes were obtained from patients who underwent assisted fertilization procedures in order to alleviate their infertility problems. Ovarian stimulation was carried out by a desensitizing protocol using the gonadotrophin-releasing hormone agonist, buserelin (Suprefact; Hoechst, Brussels, Belgium) in combination with human menopausal gonadotrophins (HMG, Humegon; Organon, Oss, The Netherlands; or Pergonal; Serono, Brussels, Belgium) and human chorionic gonadotrophins (HCG; Pregnyl, Organon; Profasi, Serono). The details of this stimulation protocol have already been described (Smitz et al, 1992) . Thirty-six h after HCG administration, cumuluscorona-oocyte complexes (CCOCs) were retrieved by vaginal ultrasound-guided ovarian puncture. The cells of the cumulus and corona radiata were removed by incubation of the CCOCs for 1-2 min in HEPES-buffered Earle's medium, containing 60 IU/ml hyaluronidase (Type VIII, specific activity 320 IU/mg, Sigma Chemical Co, St Louis, MO, USA) and by aspiration of the cumulus complexes in a hand-drawn glass pipette. After removal of the surrounding cumulus and corona cells, nuclear maturity of the oocytes was assessed under an inverted microscope at X200 magnification. Mil oocytes only were used for microinjection for the patients and donated immature oocytes, especially GV stage oocytes, were separated and placed in an in-vitro culture system. In-vitro culture of immature oocytes was performed either on a cumulus-cell co-culture system, using either the patient's own cumulus cells or Vero cells, or in B2 medium without co-culture at 37°C in an atmosphere of 5% CO 2 , 5% O 2 and 90% N 2 . Immature oocytes were checked the morning after the day of retrieval (24 h after egg retrieval). Those research oocytes that matured to the Mil stage were microinjected with donated spermatozoa if the couple agreed to donate the immature oocytes for scientific investigations.
Sperm treatment procedure of the donated samples was as follows: (i) washing in Earle's medium and 1800 g centrifugation for 5 min, (ii) two-layer Percoll (95-47.5%) centrifugation at 300 g for 20 min, (iii) final concentration step by centrifugation at 1800 g for 5 min (Van Steirteghem et al, 1993b) .
The details of microtool preparation and microinjection procedures have already been described (Van Steirteghem et al, 1993a , 1993b . A single, living, immobilized spermatozoon was aspirated tail-first into the injection pipette directly from the polyvinylpyrrolidone-sperm droplet. For the injection, the oocyte was fixed on the holding pipette in such a way that the PB was situated at 6 o'clock while the injection pipette was pushed through the zona pellucida (ZP) at the 3 o'clock position and into the cytoplasm, where the spermatozoon was delivered together with the smallest possible amount (~l-2 pi) of medium.
After injection the oocytes were washed and stored in 25 JLLI microdrops of B2 medium in a Petri dish in an incubator containing 5% CO 2 , 5% O 2 and 90% N 2 until the moment of fixation.
Fixation and embedding
Prior to fixation, the oocytes were characterized by phase contrast microscopy. Their individual properties are summarized in Table I . The oocytes were fixed in glutaraldehyde 2.5% in cacodylate buffer 0.1 M at pH 7.3 for 2 h at 4°C at 30, 60 and 90 min and 2, 3, 4, 6 and 8 h after ICSI. Three oocytes were not injected (O1-O3) and were fixed immediately as controls. For electron microscope analysis, all oocytes were embedded individually, each oocyte being transferred by a micropipette under optical control. In brief, the oocytes were postfixed in osmium tetroxide 1% in H 2 0 for 30 min, stained with uranyl acetate 2% in veronal buffer for 60 min, dehydrated through graded alcohols, embedded in Spurr (Taab; Bodson, Liege, Belgium) and polymerized overnight at 70°C in individual plastic tips.
Serial sectioning and staining Serial pole-to-pole sections were cut from all oocytes in order not to miss sperm details. The oocytes were cut on an LKB Bromma 2128 ultramicrotome (Bromma, Stockholm, Sweden) equipped with a diamond knife. Each oocyte was cut intõ 30 levels (range 28-40) consisting each of four semithin sections of 0.5 |0,m and three ultrathin sections of 0.1 Jim (Figure 1 ). The semithin sections were mounted on glass slides and stained with Toluidine Blue for light microscopical guidance. The ultrathin sections were transferred on to wide single-slot copper grids (Agar Scientific LTD, Stansted, UK), coated with a poly vinyl film (Formvar, Laborimpex, Brussels, Belgium), stained with lead citrate and examined using a Zeiss transmission electron microscope type EM 9S2. 
Ethical approval
The study was approved by the institutional ethical commitee.
Results

General cytoplasm ultrastructural appearance
The ultrastructural image varied as a function of the oocyte source: a significant difference was observed between control non-injected oocytes and oocytes after ICSI, and between freshly collected metaphase-II stage oocytes (freshly obtained Mil) ( Figure 2A ) and oocytes which had matured in vitro from the GV to the Mil stage (in-vitro matured Mil). All in-vitro matured Mil oocytes displayed features consistent with observations previously reported in oocytes which had been cultured in vitro for some time (Sathananthan et al., 1986) : more or less extensive dilation of the smooth endoplasmic reticulum (SER) ( Figure 2B ), mild organelle clumping and spindle attenuation. The latter was also true of fresh injected oocytes ( Figure 2C ). About 50% of Mil oocytes showed aberrations in the chromosome alignment. Moreover, the cell surface showed attenuated microvillar and micropinocytotic processes. Slight vacuolar change was also seen in freshly obtained Mil microinjected oocytes. The control freshly obtained Mil oocyte did not show any of the above-described degenerative processes. The main cytoplasmic organelles in all oocytes were mitochondria and SER, as previously recorded . As in IVF oocytes, remnants of granulosa cell processes were observed at the oocyte mem- brane ( Figure 2D ). The detailed results of the electron microscopical analysis of each individual oocyte (O1-O21) are listed in Table II .
Cytoplasmic changes associated with the microinjection procedure In all ICSI oocytes, membrane-bound vacuoles and cytoplasmic membrane inclusions were found in the vicinity of the microinjection site. Both these types of structure displayed an almost linear arrangement from the cell border towards the centre. These cytoplasmic inclusions were found around sperm remnants and still contained microvilli and micropinocytotic vesicles. The vacuoles were seen up to 90 min after ICSI. The membrane inclusions were seen at all stages ( Figure 3A ).
Overall oocyte shape was dramatically altered especially in the early stages up to 60 min after ICSI, but recovered from 90 min onwards. Several large fragments were found in the perivitelline space (PVS) near the injection plane ( Figure 3B ). Mostly they contained a few cytoplasmic organelles such as mitochondria and SER vesicles. Because of their large number and size, they probably originated mainly from the oocyte. Active cellular exchange processes with multivesicular and residual bodies (MVB/RB) ( Figure 3C ) were seen in all cell stages but tended to decline in the pronucleated (PN) ova.
In three oocytes (012, 017, 021) the cellular damage exceeded the average observed rate and severe leakage of cytoplasmic fragments in the PVS was seen. Important signs of cell degeneration were present in these oocytes.
Oocyte features associated with early fertilization stages
Cortical granules The oocyte surface contained numerous cortical granules (CG) both in non-injected oocytes and in oocytes up to 60 min after ICSI. Their distribution was uneven over the oocyte surface. In oocytes without CG, a zona reaction with an inner electrondense zona region was seen. From 2 h onwards, very few CG were seen and they were virtually absent in PN ova. As early as 90 min after ICSI, signs of cortical degranulation were observed in the PVS. Active extrusion of decondensed CGlike structures was also observed ( Figure 3D ). In one oocyte (O18) the oocyte ultrastructure was suggestive of failed fertilization with persistent presence of CG and condensed sperm head.
Chromosomes and spindles
Mil spindles with a paired set of chromosomes were found in oocytes up to 3 h after ICSI and in all control oocytes. Mil spindles and chromosomes were always located at the cell border in close apposition to the first PB. In the 18 oocytes which underwent ICSI we were unable to visualize the morphological features of the second meiotic division.
Polar bodies
The first PB was always present but often fragmented. It was found within an oocytic depression -, absent; +/-, very few present; +, present; + + , present frequently; SER dilation, dilated smooth endoplasmic reticulum vesicles; CG, cortical granules; ZR, zona reaction; Large vac/membr incl, large vacuoles and membrane inclusions; RB/MVB, residual and multivesicular bodies; Frag in PVS, fragments of cytoplasm in the perivitelline space; AL, annulate lamellae; Chrom, chromosome alignment; disp, chromosomes dispersed outside the equatorial plane; align, chromosomes aligned in the equatorial plane; cond, condensed sperm head; decond, decondensed sperm head; frag, fragmented first polar body (PB); *further division of first PB; fPN, female pronucleus; mPN, male pronucleus; PBI, first polar body; PBII, second polar body.
close to the Mil spindle ( Figure 4A ). It contained a variable number of CG, cellular material and chromosomes devoid of nuclear envelope. The fragments also showed the presence of CG. In one oocyte (O18) the first PB was shrunken and pyknotic. In two oocytes (O14, O20), a deviant further division of the first PB was observed. The second PB was seen in 2PN oocytes, from 6 h after ICSI ( Figure 4B ). It contained a micronucleus within nuclear envelope material and was devoid of CG.
Sperm components
Structures originating from the injected spermatozoa were found in all ICSI oocytes. Sperm midpiece and tail fragments were nearly always found around the microinjection site. All sperm components lay freely within the cytoplasm and were not surrounded by any oocytic vacuole or membrane ( Figure 5 ). The sperm acrosome was visible in three oocytes (O4, 05, 017). At 15 min after injection, early signs of acrosome reaction were observed. At that time, the sperm membrane was still intact (Figure 6A ). At later times, no acrosome was visible except for one oocyte at 4 h after ICSI, in which the intact acrosomal vesicle was found within the cytoplasm connected to the assembling male PN ( Figure 6C ).
The sperm head showed decondensation of the chromatin from 30 min to 3 h ( Figure 6B) . Fusion of the gamete membranes was not seen.
Pronuclei
Onset of PN formation was seen from 4 h onwards.
The formation of the male and female pronucleus (mPN, fPN) was not synchronous. At 4 h after ICSI, both oocytes studied still presented female chromosomes with an Mil configuration. The male . . A S K : * * * * -• chromatin was then surrounded by the nuclear envelope ( Figure 6C ). Numerous annulate lamellae were seen in the oocyte cytoplasm (Figure 7) . At 6 h after injection, the mPN was fully formed and showed the presence of a nucleolus ( Figure 6D ). The proximal centriole was attached to the mPN. At that stage the fPN was assembling ( Figure 6E ) within a still incomplete nuclear membrane. At 8 h, the two PN were completely formed with one or more nucleoli.
Discussion
The data collected in the present study can be divided into three categories: structural changes or alterations related to culture conditions; cell damage due to the ICSI procedure; and observations concerning the early fertilization stages after ICSI.
The in-vitro matured oocytes showed a variable cytoplasmic degeneration. Similar degeneration has also been observed in other types of oocyte culture conditions (Sathananthan et al., 1986 ). These changes were described briefly, in order not to confuse them with true ICSI-related subcellular events. In the early fertilization stages, this did not seem to interfere with oocyte viability, as 12 out of 15 in-vitro matured oocytes showed onset of sperm and oocyte activation. Although there has been one report of pregnancy and delivery of a healthy child after ICSI using an in-vitro matured oocyte (Nagy et al., 1996) , the long-term viability of these oocytes in terms of embryonic division and growth is not fully established. This observation is in contrast with the data reported by Sousa and Tesarik (1994) , who did not report degeneration in ICSI oocytes with failed fertilization. The sever- ity of the degeneration was not quantified in the present study and cannot be compared. Some degeneration was also seen in fresh ICSI oocytes. It is therefore not possible to determine whether this was due to the culture conditions, to the ICSI procedure or to the fixation and embedding procedure. The frequently observed (nine out of 21 oocytes) spindle attenuation with dispersion of Mil chromosomes from the equatorial plane of the spindle was also reported in oocytes matured in vitro (Eichenlaub-Ritter et al., 1988) and in hamster oocytes after ICSI with human spermatozoa (Asada et al., 1995) . Both studies concluded that the alterations were due to physical damage or culturerelated alterations. Schwartz et al. (1996) claimed degeneration to be a result of damage to the meiotic spindle during ICSI. ICSI in our series of oocytes did not seem to influence the chromosome alignment as some defects were also observed in noninjected oocytes. Moreover, since the site of injection was located at an angle of 90° to the chromosomes, damage to the latter by the ICSI procedure is very unlikely (Asada et al., 1995) . A second series of results can be related to the ICSI procedure. In all injected oocytes, membrane material from the oolemma was found within the cytoplasm and included membrane vacuoles containing microvilli and micropinocytic vesicles. This phenomenon was also observed in IVF oocytes. In ICSI oocytes, however, these membrane inclusions were seen within the vicinity of the injection plane, they were always found near sperm remnants and they displayed an almost linear arrangement from the cell membrane to the oocyte centre. Their constant presence at this location and their large number suggest a 'glove' effect, in which a portion of the plasma membrane is pushed into the cytoplasm by the injection pipette. During microinjection, the oocyte membrane is aspirated until it ruptures within the injection pipette. The present data show that large membrane-bound vacuoles, some of them containing cell debris, were found at that location. In parallel, an increased cellular activity with RB/MVB was observed. Their presence tended to be more pronounced at early stages after ICSI in oocytes, but semiquantitative analysis is required to confirm these data. Their reappearance in late stages is consistent with cellular healing and successful cleavage and implantation after ICSI (Van Steirteghem et al., 1993b) . The presence of large cytoplasm fragments in the PVS could also be a marker for oocyte cellular damage as it seems unlikely that such numerous fragments of that size would all originate from a PB. Those oocytes with severe cellular degeneration presented an increased number of fragments (O12, 017 and 021). In one freshly collected oocyte (012) damage was so severe as to disrupt completely the oocyte membrane. The potential viability of these oocytes remains unclear.
The third category of data can be related to the oocyte-sperm activation and interaction.
A particular feature of ICSI is the possible presence of the acrosome within the ooplasm as, in contrast with regular fertilization, the acrosomal reaction has not been accomplished within the zona. In our series, evidence of early acrosome reaction was demonstrated within 15 min after ICSI. In later stages, no acrosome reaction was found. At 4 h, an intact acrosomal vesicle was located near the assembling mPN. This suggests that the acrosome reaction may have been incomplete and variable among different oocytes after ICSI. Further investigation in early post-ICSI stages is mandatory. In all but two ICSI oocytes, sperm head decondensation or more PN formation were observed. All sperm constituents were freely distributed within the cytoplasm. This phenomenon was also reported in ICSI oocytes after failed fertilization , but contrasts with the observations by Sathananthan et al. (1994) , who described the sperm head as retained within oolemma-bound vacuoles after microinjection. Differences in the microinjection technique may be responsible for these discrepancies. No sperm-oocyte membrane fusion was seen, in contrast to IVF cycles (Sathananthan et al., 1986) .
Cortical reaction was observed in all but one oocyte from 90 min after ICSI. This reaction is one of the earliest signs of oocyte response to the fertilizing spermatozoon (Sathananthan and Trounson, 1982a,b) . The results from the present work also confirm sperm factors to be essential for oocyte activation Sousa and Tesarik, 1994; Dozorstev et al, 1994) . Sperm decondensation preceded complete cortical reaction by ~60 min and no degranulation was observed in oocytes with condensed sperm chromatin. Although partial or complete sperm head decondensation was present at 30 min and 60 min after ICSI, onset of fertilization could not be evaluated with certainty in these oocytes, as the cortical reaction was not yet initiated.
The timing of the extrusion of the second PB and PN formation was similar to the results already reported after light microscopic analysis (Nagy et al., 1994) and is comparable to data obtained after IVF (Tesarik and Kopecny, 1989) . The second PB was present from 4 h after ICSI. It could readily be distinguished from the first PB fragments by the absence of CG. Fragmented first PB has been reported in the literature (Sathananthan et al., 1986) as an uncommon event. In our series, half the oocytes contained first PB fragments. It is unclear if this event is specifically ICSI-related.
Both PN were formed from 4 h after ICSI. As in regular IVF, they were associated with the presence of annulate lamellae. Precursor structures of annulate lamellae, as observed in Rhesus oocytes (Sutovsky et al., 1996) , were not seen in this study on human oocytes. As also observed by Nagy et al. (1994) , the development of female and male PN was asynchronous, the male preceding the female in our series. The male PN could be identified by remnants of the spermatozoon attached to it. The reason for this asynchrony is unclear. Whether this situation corresponds to the normal process occurring in fertilization, or is due either to some immaturity of the oocyte after ovulation induction (Sundstrom and Nilsson, 1988; Eichenlaub-Ritter et al., 1995) or to specific events after ICSI, remains to be elucidated.
In conclusion, these data demonstrate evidence of oocyte activation and early fertilization after ICSI and suggest specific ICSI-related ultrastructural changes in terms of oocyte damage, gamete interaction and timing of PN formation. Further studies are needed to evaluate the importance of these observations with regard to further embryo development.
